online | memorias.ioc.fiocruz.br Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 105(5): 706-711, August 2010 Fibrinogen (Fbn) is a major protein in human plasma and is primarily involved in the coagulation cascade system through its conversion to insoluble fibrin. Fbn synthesis is dramatically upregulated during inflammation or under exposure to stresses such as systemic infections. Both Fbn and fibrin play overlapping roles in blood clotting, fibrinolysis, inflammatory response, cellular and matrix interactions and wound healing. Many bacterial pathogens exploit mechanisms involved in coagulation systems to colonize exposed tissue matrix proteins or evade immune mechanisms of bacterial clearance (Doolittle 1984 , Lantz et al. 1985 , Mosesson 2005 , Sun 2006 ). The production of fibrinous exudates may play an important role in determining the outcome of bacterial infection. Large numbers of bacteria are sequestered within fibrin matrices, thereby retarding bacterial spread throughout the tissues and into the bloodstream. This process is advantageous to the host in that it lessens early rapid mortality. However, bacteria sequestered within fibrin deposits are protected from normal host defenses, thereby permitting unopposed proliferation (Rotstein 1992) .
Coagulase is a bacterial enzyme that reacts with a cofactor found in blood plasma to catalyze the formation of fibrin from Fbn. It is produced by most of the virulent strains of staphylococci (Duthie 1954) and by Yersinia pestis (Beesley et al. 1967 , Rivera et al. 2007 ). This activity is also a common characteristic of the Gram-positive, rod-shaped species Erysipelothrix rhusiopathiae (Tesh & Wood 1988) . Nevertheless, coagulase activity is not ordinarily reported as a property of Corynebacterium species, including Corynebacterium diphtheriae (MacFaddin 2000) .
The main pathognomonic sign in case definition of diphtheria is still the formation of a pseudomembrane that usually covers the posterior pharynx and tonsils, which may also extend to the larynx and lower respiratory tract. The disease can involve almost any mucous membranes or skin surfaces (Hadfield et al. 2000) . Although the severity of the disease is usually related to the extent of the local infection, the potential role of these pseudomembranes in the maintenance and/or circulation of endemic and epidemic clones of C. diphtheriae is still uncharacterized.
Respiratory diphtheria has an insidious onset accompanied by the formation of a pseudomembrane composed of bacteria, necrotic epithelial and inflammatory (Hadfield et al. 2000) . Diphtheria toxin is generally considered the major factor responsible for local cellular destruction and accumulated debris and fibrin (Mortimer & Wharton 1999) , suggesting that the presence of bacteriophages carrying the diphtheria toxin gene (tox) is essential for pseudomembrane formation. Although fibrin deposition (pseudomembrane formation) is a characteristic feature of diphtheria, little is known about the Fbn-binding properties and fibrin web formation activity of C. diphtheriae strains and the influence of the tox gene in these processes.
Strains of C. diphtheriae that do not produce diphtheria toxin are still frequently considered non-virulent. However, the association of nontoxigenic strains with localized disease and with cases of invasive infection has become recognized, particularly with endocarditis (Gubler et al. 1998 , Galazka 2000 , Mattos-Guaraldi et al. 2000 , Kanungo et al. 2002 , Gomes et al. 2009 ). Various authors share the opinion that nontoxigenic strains may be responsible for pharyngitis and should be treated (Jephcott et al. 1975 , Wilson 1995 , Rakhmanova et al. 1997 , Bonnet & Begg 1999 . However, it is also emphasized that additional studies are still required to obtain more complete information on the pathogenicity or copathogenicity of nontoxigenic C. diphtheriae associated with cases of infection in the respiratory tract (Reacher et al. 2000 , Gomes et al. 2009 .
A complete understanding of the cellular and noncellular aspects of the host response to C. diphtheriae infection will suggest novel strategies both to treat and to prevent the development of diphtheria, along with infections caused by nontoxigenic C. diphtheriae strains and their attendant consequences. This study was designed to determine the Fbn-binding activity and the ability to convert Fbn to fibrin of nontoxigenic and toxigenic C. diphtheriae strains.
MATERIALS AND METHODS
Bacterial strains, toxigenicity testing and growth conditions -Nontoxigenic ATCC 27010 {[C7 s (-) tox-] type strain and toxigenic homologous ATCC 27012 [C7 s (beta) tox +]}, in addition to toxigenic CDC-E8392 (sucrose-non-fermenting) and TR241 (sucrose-fermenting) C. diphtheriae subsp. mitis strains, were used in this study. Staphylococcus aureus ATCC 25923 and Staphylococcus epidermidis ATCC 12228 were included in coagulase reactions as positive and negative controls, respectively.
The toxigenicity of C. diphtheriae strains was confirmed by the Elek test, by polymerase chain reaction (PCR) using a primer pair targeted to a portion of fragment A of tox gene (PCR-DTA; 258 bp) and by the "goldstandard" Vero cell cytotoxicity assay (Pallen et al. 1994 , Efstratiou et al. 1998 (Table) .
Stock cultures were maintained as a suspension in 10% (w/v) skim milk containing 25% (v/v) glycerol at -80°C. During experiments, microorganisms were maintained in Trypticase Soy Broth or Agar (TSB or TSA; Difco) for 48 h at 37°C.
Bacterial interaction with rabbit plasma -Interaction of microorganisms with fresh and sterile EDTA (ethylenediaminetetraacetic sodium salt)-chelated rabbit plasma (Ebe Farma Biológica e Agropecuária) was evaluated by both slide and tube tests based on procedures previously described for S. aureus (Christensen et al. 1983 , MacFaddin 2000 , Gomes et al. 2009 ). Bacterial morphology was checked by staining positive tests with crystal violet. Experiments were performed in triplicate.
A modification of the slide test (also termed the bound coagulase or plasma clumping test) was performed to avoid bacterial autoaggregation in physiologic saline [0.85% (w/v) NaCl] by C. diphtheriae strains. Briefly, microorganisms previously grown in TSA were suspended in minimal essential medium (MEM; Sigma) to a concentration corresponding to the McFarland nephelometer standard number 6. A loop full of bacterial suspension was placed on a clear, clean glass slide and gently mixed with a loop full of pretested, fresh, EDTA-chelated rabbit plasma that was undiluted or diluted 1:5 or 1:10 in MEM. The results were considered positive when immediate formation (5-20 s) of macroscopic precipitate with the appearance of white clumps was detected and negative if no visible clumping occurred within 3-4 min.
The tube coagulase test (which detects bound and free coagulase activities) was performed based on procedures described for S. aureus strains, with bacterial cells grown in TSA. Tests were performed in 9 x 100 mm glass tubes with EDTA-chelated rabbit plasma diluted in phosphate buffered saline (PBS) to 1:4. A positive test for coagulase production resulted in a clotting or a loose web of fibrin in the plasma solution. Any degree of fibrin deposition was considered a positive test due to the absence of parameters for C. diphtheriae in this assay. Results were reported across a range 0-4+, 0 meaning the plasma remained liquid (no coagulase activity) and 4+ meaning the plasma completely hardened (the consistency of an agar) due to strong coagulase activity. The coagulase reactions were performed at 37°C in aerobic or capnophilic (under incubation of test tubes inside a candle jar) environments and read until 24 h post incubation. All "0" results were incubated at room temperature for 24 h. Positive (4+, S. aureus) and negative (0, S. epidermidis) controls were included in the study.
Fluorescein isothiocyanate-conjugated (FITC)
Fbn binding assay -Human Fbn (Sigma) was labelled with FITC by methods previously described (Harlow & Lane 1988 , Hirata et al. 2004 . Briefly, Fbn suspension (8 mg/mL in 0.1 M sodium carbonate) labeled with 89 μL FITC solution (1mg mL -1 in DMSO) was incubated for 8 h at 4ºC in the dark. Thereafter, 50 mM NH 4 Cl (final concentration) was added to the reaction. To eliminate the unbound FITC, the labelled Fbn mixture with PBS was filtered three times through 30,000-Da Ultrafree filter units (Sigma). Protein concentration was determined by a modified Lowry method (Markwell et al. 1978) . Aliquots of FITC-Fbn were serially diluted in PBS with 0.5% (w/v) bovine serum albumin (BSA) (fraction V, Sigma) and used in Fbn-bacteria binding assays as follows. Aliquots (10 µL) of bacterial suspensions were dispensed in glass slides, dried at 37°C and fixed by heat. Two-fold dilutions (from 100 µg/mL-0.78 µg/mL) of FITC-Fbn in PBS with 1% (w/v) BSA were reacted with fixed bacterial cells for 30 min at 37°C in a dark chamber with high humidity. Thereafter, glass slides were washed three times with PBS, mounted in 90% (v/v) buffered glycerin solution and examined under fluorescence microscopy with an Axioplan II Epifluorescence Microscope (Zeiss).
Enzyme-linked immunosorbent assay (ELISA) -Experiments were performed as described by Harlow and Lane (1988) using microorganisms previously washed three times with PBS and resuspended in 0.1 M carbonate buffer, pH 9.6 at a concentration of approximately 10 8 CFU/mL [0.2 OD λ 660 nm in a B295II spectrophotometer (Micronal)]. Each well of flat-bottomed microtitre plates (Nunc-Immuno MaxiSorb) were coated with 100 µL bacterial suspensions for 1 h at 37°C and overnight at 4°C. The wells were treated with PBS with 1% (w/v) BSA and 0.05% (w/v) Tween 20 (PBST-BSA) for 1 h at 37°C and washed three times with PBST. Aliquots of Fbn solution in PBST-BSA (50 μg/mL) were added to each well and the microplates were incubated for 1 h at 37°C. Any unbound protein was removed by washing the wells with PBST. Bacterial interaction with Fbn was revealed with mouse monoclonal IgM anti-human Fbn (MAB; Sigma) and peroxidase-labelled rabbit anti-mouse IgM (Sigma) antibodies. Standard curves were performed in triplicate with an Fbn range from 1-50 µg/mL. The intensity of Fbn binding by C. diphtheriae strains was expressed in OD 492 values (Bio-Rad Model 550 spectrophotometer) and compared statistically by the Tukey test using GraphPad Prism. Differences were considered significant at p < 0.05.
RESULTS

Interaction of C. diphtheriae strains with rabbit plasma -
The results of both slide and tube coagulase tests performed with rabbit plasma are displayed in Table. Rabbit plasma induced bacterial aggregation, suggesting the presence of a clumping factor-like activity on the surface of C. diphtheriae cell walls. Clumping factor-like activity was observed for all C. diphtheriae strains tested, including the nontoxigenic ATCC 27010 strain, but at different levels. The nontoxigenic ATCC 27010 strain formed bacterial clumps only in the presence of crude plasma. The parental toxigenic ATCC 27012 strain showed a higher affinity to rabbit plasma (1:5 dilution) than did the nontoxigenic ATCC 27010 type strain, suggesting that the presence of the tox gene, expressed as cytotoxicity and confirmed by PCR assays (Table) , favored plasma-mediated aggregation of bacterial cells. The highest affinity for rabbit plasma (1:10 dilution) was observed for both the toxigenic sucrose-fermenting TR241 strain and the non-sucrose-fermenting CDC-E8392 strain.
Standardized procedures of the tube test indicated that the web formation of EDTA-chelated rabbit plasma by C. diphtheriae strains was detected when using plasma diluted 1:4 in 9 x 100 mm glass tubes and incubation at 37°C under capnophilic conditions for at least 6 h. Positive and negative results of coagulase tests performed under these experimental conditions were also observed for the S. aureus and S. epidermidis control strains, respectively.
The tube test reaction yielded rabbit plasma completely hardened with the consistency of an agar (4+; strong positive coagulase activity) only for the S. aureus control strain, while all C. diphtheriae strains tested formed a loose web of fibrin in the plasma solution, (2+; positive activity for fibrin web formation). There was no correlation between Fbn-binding activity and sucrose fermentation biotype (Table) . The ability of a C. diphtheriae strains that do not carry the tox gene to convert Fbn to fibrin is illustrated in Fig. 1 .
Interaction of C. diphtheriae strains with human Fbn -
Micrographs showing FITC-Fbn binding to homologous nontoxigenic and toxigenic C. diphtheriae strains are presented in Fig. 2 . Fbn binding to C. diphtheriae strains occurred at varying intensities (Table) . Human Fbn bound with higher affinity to the toxigenic ATCC 27012 strain (31.25 µg) than with the nontoxigenic homologous ATCC 27010 strain (62.5 µg). Human Fbn bound with the highest affinity (7.81 µg) to the TR241 strain, followed by the CDC-E8392 (31.25 µg) and ATCC 27012 toxigenic strains (31.25 µg) .
The results of the ELISA experiments showed that human Fbn bound with less affinity to the nontoxigenic strain ATCC 27010 (p < 0.01) than to any of the three toxigenic strains tested (Table) . Human Fbn bound with greater affinity to the toxigenic and sucrose-fermenting TR241 strain (p < 0.05) than to the toxigenic and nonsucrose-fermenting CDC-E8392 strain.
DISCUSSION
The Fbn polymerisation process seems not only to take place in solution but also to lead to the formation of a fibrin layer on the bacterial cell wall itself. Bacterial coagulase may be present in two forms: bound coagulase (found only on the surface of cell walls) and free coagulase (present in culture supernatant) (Duthie 1954 ). Bound coagulase, or clumping factor, detected by the slide procedure adsorbs Fbn from the plasma and alters it so that it precipitates onto bacterial surfaces, causing bacteria to clump and resulting in cell agglutination. In contrast to S. aureus (Dickinson et al. 1995 , MacFaddin 2000 , S. epidermidis strains have the ability to adhere weakly to Fbn and express clumping activity, but they do not express free coagulase activity, detected by the tube procedure, which would lead to fibrin clotting (Christensen et al. 1983 , Nilsson et al. 1998 ). The present data show that C. diphtheriae strains may bind Fbn onto their surface, which may be an efficient trait to avoid phagocytosis, as previously described with other Gram-positive pathogens (Schubert et al. 2002 , Rennermalm et al. 2004 , Pierno et al. 2006 . Bacterial aggregation by nontoxigenic ATCC 27010 was observed only in the presence of crude chelated plasma, whereas the other strains also expressed bacterial aggregates with diluted plasma, suggesting qualitative and/or quantitative differences in the expression of clumping activity by C. diphtheriae. Nevertheless, it must be noted that in total rabbit plasma, other proteins/glycoproteins, such as antibodies generated by microbiota, may also interact with bacterial surfaces, contributing to bacterial aggregation.
Like S. aureus, C. diphtheriae strains are capable of expressing clumping factor-like and free coagulase activities, but at lower levels. Also similar to S. aureus, C. diphtheriae strains express free coagulase activity, leading to fibrin web formation. Not only toxigenic strains but also nontoxigenic C. diphtheriae strains can adhere to Fbn and convert Fbn to fibrin, leading to the formation of semiflexible polymer-like network.
Underneath the pseudomembrane, the connective tissue consists of a highly vascularized sheet, favoring the absorption of diphtheria toxin. In addition to clot formation, fibrin and other molecules associated with the neo-formed extracellular matrix and cytokines produced locally by the inflammatory process may be involved in the proliferation of endothelial cells (Liu et al. , Tonnesen et al. 2000 . Conditions of iron deficiency improve the ability of C. diphtheriae strains to adhere to HEp-2 cells and agglutinate human erythrocytes, partially due to changes in the glycosylation pattern of sugar residues expressed on the bacterial surface (Moreira et al. 2003) . Thus, the formation of the pathognomonic signs of diphtheria, along with the toxicity to the host, depends on the expression of bacterial factors of particular clones and/or environmental conditions observed during the infectious processes.
Differing expression of surface saccharides between non-sucrose-fermenting and sucrose-fermenting biotypes have been observed for C. diphtheriae, affecting bacterial hydrophobicity, agglutination to human erythrocytes and adherence to glass surfaces (MattosGuaraldi et al. 2000) . Expression of a capsular polysaccharide of S. aureus masks clumping factor A, a protein anchored to the cell wall that is responsible for the adherence of S. aureus to different substrates, including human Fbn (Risley et al. 2007 ). We found that Fbn bound with less affinity to the CDC-E8392 nonsucrose-fermenting strain than to the TR241 sucrosefermenting isolate. It is also possible that the expression of surface polysaccharides may interfere with the interaction of C. diphtheriae strains with human Fbn.
During the post-vaccine era, toxigenic C. diphtheriae strains have been associated with cases of non-toxic catarrhal disease and non-toxic membranous disease, in addition to toxic membranous disease (Glinyenko et al. 2000 , Quick et al. 2000 . Differences in the abilities to bind to and to convert Fbn to fibrin may partially explain differences in the extent of pseudomembrane formation by C. diphtheriae strains, including cases of catarrhal diphtheria. Therefore, the data of the present study may also help to explain why nontoxigenic strains may cause pharyngitis (Jephcott et al. 1975 , Wilson 1995 , Rakhmanova et al. 1997 , Bonnet & Begg 1999 .
Many pathogenic bacteria can interact with Fbn and manipulate its biology (Rivera et al. 2007 ). Our data indicate that C. diphtheriae should be included in this group of human pathogens, given that all strains tested showed the ability to bind Fbn and to convert Fbn to fibrin, regardless of the presence of the tox gene and toxin production. Further, they suggest that C. diphtheriae expresses Fbn-binding adhesins that are not encoded by the beta phage genome. However, the nontoxigenic strain ATCC 27010 interacted less intensely (p < 0.01) with human Fbn than did its bacteriophage-infected-derived clone ATCC 27012, suggesting that the expression of beta phage genes may favor the expression of Fbn ligands.
Additional studies will be necessary to determine whether C. diphtheriae expresses a Fbn-binding microbial surface components recognizing adhesive matrix molecules adhesin, as observed for S. aureus (Walsh et al. 2004) and Enterococcus faecalis (Sillanpää et al. 2009 ). Similar to observations with other human pathogens (Kanclerska et al. 1990 , Ní Eidhin et al. 1998 , Rindi et al. 2006 , Rosenau et al. 2007 ), qualitative and quantitative differences in the expression of Fbn-binding adhesins may contribute to variations in the virulence potential of C. diphtheriae strains.
